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Force constant of a propellant, fv, also known as propellant
force or propellant impetus, is one of the energy features of a
propellant, and also an important ballistic character of the
propellant. It could be expressed as
fv ¼ ~RTv;
where ~R is gas constant for a unit mass of burned propellant
gas； Tv is adiabatic flame temperature of a propellant at
constant volume
The above equation could be regarded as the mathematical
definition of propellant force. As to its physical definition,
various expressions were given by many scholars. It is no
doubt that a strict and exact definition on a physical quantity
should be of great help to the understanding of the essence of
the quantity. The aim of this article is to summarize and give
comments on the existing physical definitions of forceE-mail address: fmxu2007@163.com (F.M. XU).
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definitions to provide reference for scholars and researchers
who are working in the area of propellants and interior bal-
listics. For the sake of simplicity and easy understanding, the
burned propellant gas products would be supposed to be the
ideal gases in the following discussion.
2. Comments
There are several different expressions about the physical
definition of propellant force in the monographs and the text
books at home and abroad. In general, there exist 3 kinds of
statements:
The first statement: propellant force is “the work done by
the gas products of a kilogram of burned propellant during the
expansion process from 0 K to Tv K at 1 atmospheric pressure”
[1,2].
The second statement: propellant force is “the work done
by the gas products at temperature of Tv K after the burning of
a kilogram of propellant during the free expansion process at
atmospheric pressure” [3,4].
The third statement: propellant force is “the energy released
by the decomposition of a unit mass (a kilogram) of propel-
lant” [5,6] or “the maximum amount of work which can be
done by unit mass of propellant” [6,7].
According to the first statement, the expansion work A done
by the gas products could be calculated byction and hosting by Elsevier B.V. All rights reserved.
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dV/0
ZVTv
dV
pextdV ¼ lim
dV/0
½paðVTv  dVÞ
¼ paVTv  lim
dV/0
ðpadVÞ ¼ paVTv  0¼ pVTv ¼ ~RTv ¼ fv:
where Pext is exterior pressure/surrounding pressure； V is
gas/system volume； p is gas/system pressure; pa is atmo-
spheric pressure.
The reason for the use of generalized integration during the
above calculation is that the above relationship could only be
established at constant pressure ( p ¼ pext ¼ pa). In this case,
the pressure term could be moved from after the integral sign
to before the sign. And also only in this case, the product pV
could be applied to the ideal gas state equation. As the initial
state of the process under consideration is at 0 K, the thermal
movement of the gas molecules should be absolutely stopped.
The collision of the molecules against the walls of the
container would thus never occur， and the gas pressure
should be zero. In other words, the initial state could not
provide the condition of the constant pressure process.
Furthermore， the ideal gas state equation would be mean-
ingless at that state point. To avoid this, a state at a temper-
ature slightly higher than 0 K can be taken as the initial state,
thus the gas in the system would have the pressure p ¼ pa and
a minute volume of dV. Let dT or dV approach infinitely to
zero, the result value of the work could be obtained.
The work A in the first definition could also be calculated in
another way. One could calculate the increment of the gas
volume during the process of a temperature increase of dT at
temperature T and volume V under constant pressure. For the
ideal gas expansion process under constant pressure, the
expansion coefficient at constant pressure would be
a¼ 1
V

dV
dT

p
¼ 1
V
~R
p
¼ 1
T
:
where a is the expansion coefficient of burned propellant gas
at constant pressure; T is the gas/system temperature.
Thus,
dV ¼ aVdT ¼ V=TdT
and the work done in this minute process should be
dA¼ padV ¼ paV
T
dT ¼ pa
~R
pa
dT ¼ ~RdT:
The work done during the whole process could be
expressed as
A¼ lim
dT/0
ZTV
dT
~RdT ¼ ~RTv ¼ fv:
Though the value of the propellant force in this definition is
equal to the value of the work done during the physical process
numerically, the definition itself could not reflect the essence
of the propellant force. It is obvious that as a kind of energy
source, the work done by the propellant combustion gas shouldconduct spontaneously at the expense of the energy decrease
of the gas (from higher temperature and pressure to lower
ones). The first definition, describing propellant force as the
work done during the gas expansion process by outside heat-
ing, is really of no physical meaning.
As to the second statement, one may probably wonder what
kind of expansion process is indicated in the definition of
propellant force.
In thermodynamics, “free expansion” and “expansion
against outside pressure” are very different concepts. The
former refers the system experiencing an expansion process
against vacuum surroundings, i.e., the outside pressure is zero.
The work done would be
A¼
Z
pextdV ¼
Z
0dV ¼ 0:
Obviously, the work done in this process has nothing to do
with propellant force. In other words, the work A used to
define the propellant force in the second statement should
not be the work done by the free expansion of the propellant
gas.
Furthermore, it is not clear whether the expansion “at at-
mospheric pressure” in this statement means the expansion at
constant exterior pressure ( pext ¼ pa ¼ 1 atm) or at constant
system pressure ( p ¼ pext ¼ pa ¼ 1 atm).
If it refers the former case, then
A¼
ZV2
V1
pextdV ¼ pext
ZV2
V1
dV ¼ pextðV2 V1Þ
as pext ¼ pa ¼ 1 atm is independent of system pressure (pro-
pellant gas products), and only one state variable is specified
both in the initial and final states of the system (i.e., Tv of the
initial state and p ¼ pa ¼ 1 atm in the final state), V1 and V2
could not be given specified values. This means that the value
of the work A seems having no direct relationship with the
propellant force fv.
If it refers the latter, i.e., the system pressure keeps
p ¼ pext ¼ pa ¼ 1 atm from the initial state to the final one, the
propellant should burn in an adiabatic cylinder such designed
in advance that its initial volume just makes the pressure of the
burned gas at temperature Tv reach 1 atm. Then the expansion
work should be
A¼
ZV2
V1
pextdV ¼
ZV2
V1
pdV ¼ p
ZV2
V1
dV ¼pðV2 V1Þ ¼ ~RT2  ~RT1
¼ ~RT2  ~RTv
In order to give the work A a positive value, it is necessary
to let T2 ＞ TV. This means that an additional heat should be
introduced to the system. The work A in this case could never
be the equivalent of propellant force.
It thus appears that the second statement of the definition of
propellant force is imperfect.
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ambiguous. The physical process described by the definition is
not clear. And it could not give the mathematical expression, fv
¼ ~RTv, directly from the definition. In some other literature,
the physical definition of propellant force is ignored [8,9].
3. Suggested new definitions of fv
In order to give a more perfect physical definition, it is
regarded that two requirements should to be met:
1) to show the essence of the physical quantity, i.e., to reflect
the ability of a propellant to do work;
2) to give a right mathematical expression of the physical
quantity, i.e., the physical definition should be well fit with
the mathematical expression.
Suggested definition 1: The work done by a kilogram of
burned propellant gas products (supposed as ideal gas) at
initial temperature of Tv K expanding to a final state at tem-
perature of 0 K during an adiabatic reversible expansion
process would be mainly dependent on the quantity of ~RTv,
and thus the product ~RTv is defined as propellant force fv,
expressed as fv ¼ ~RTv.
This definition could mathematically be presented as
A¼ 4,fv: ð1Þ
where 4 is a coefficient. It could be proved that 4 ¼ 1/q in the
above equation, and here q ¼ k1.
According to the first law of thermodynamics
A¼QDU; ð2Þ
where Q represents heat and U is energy of a unit mass of
burned propellant gas. The sign of Q here is specified as
positive when heat is released from the system， and vice
versa. As the process is adiabatic,
Q¼ 0;
then, Eq. (2) gives
A¼DU ¼~CvDT ¼~Cvð0 TvÞ ¼ ~CvTv: ð3Þ
where ~Cv is heat capacity at constant volume for a unit mass of
burned propellant gas. As
~CP ¼ ~CV þR and ~CP=~CV ¼ k;
where ~CP is heat capacity at constant pressure for a unit mass
of burned propellant gas; k is adiabatic exponent/ratio of heat
capacity, Eq. (3) could then be rewrote as
A¼ ~CvTv ¼
~RTv
k 1¼
fv
q
¼ 4,fv: ð4Þ
The assumed adiabatic reversible expansion process of the
gas products of the propellant would be of course in an ideal
extremity case.The suggested definition 1 shows that the ability of a pro-
pellant to do work in the ideal conditions is mainly dependent
on the quantity of force constant, because the varying range of
k for propellant gas products would be much smaller than that
of ~RTv. For two propellants that have similar magnitude of fv,
the ability to do work in the ideal case would depend on the
value of k (or q), the less the k value is, the bigger the ability of
a propellant to do work would be.
It should be pointed out that the force constant is an
important symbol of the ability of a propellant to do work in
the ideal conditions, but propellant force does not just equal to
the value of work done during the ideal process.
Suggested definition 2: The difference between the
enthalpy and energy of the gas products at temperature of Tv K
produced by the burning of one kilogram of propellant is
called the propellant force. And the following mathematical
expression could then be given
HU ¼ ðUþ pVÞ U ¼ pV ¼ ~RTv ¼ fv; ð5Þ
where H is enthalpy of a unit mass of burned propellant gas.
In fact, Eq. (5) shows that the difference between the
enthalpy and the energy of the gas products at temperature of
Tv K produced by the burning of one kilogram of propellant
equals to the product of the pressure multiplied by the vol-
ume of the gas system. It represents the pressure potential
energy, or the ability to do work, of the burned propellant
gas.4. Conclusions
Propellant force, fv ¼ ~RTv, is related to the characteristics
of the gas products and the adiabatic flame temperature of a
propellant at constant volume. It is a comprehensive indicator
to measure the energy property of a propellant. The existing
definitions on propellant force are more or less imperfect. Two
new definitions are provided based on the essence of a pro-
pellant of doing work in this paper. According to the suggested
definitions, the propellant force would be a characterization of
the ability to do work for a propellant in an ideal process, but
the quantity of the force should not just be equal to the work
done in the process.References
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